The resistance of heat treated (HT) wood to brown rot fungi has been investigated, while the role of the Fenton reaction (FR) in the initial phase of degradation was in focus. Micro-veneers made of Scots pine, were HT with various intensities and their mass losses (ML HT ) were determined before soaking with a solution of Fenton's reagent containing Fe ions and hydrogen peroxide. The mass loss of the veneers treated that way (ML FT ), their tensile strength loss (TSL FT ) and the H 2 O 2 decomposition were observed. The ML FT , TSL FT , and H 2 O 2 loss decreased with increasing ML HT of the veneers. Soaking of the veneers in acetate buffer containing only Fe without H 2 O 2 revealed that the heat treatment (HT) strongly reduces the Fe uptake by the cell walls. FTIR spectroscopy indicated oxidation of the unmodified control veneers but did not reveal predominant decay of cell wall components; the HT veneers were not changed at all due to FR. It was concluded that the reason for the enhanced resistance of HT wood to FR is attributable to hindered diffusion of Fe ions into the wood cell wall.
Introduction
Brown-rot decay is the most destructive form of biological wood deterioration (Highley and Illman 1991) , which considerably affects strength properties before mass loss (ML) is observable (Wilcox 1978) . Obviously, the degradation occurs through two sequential or concurrent mechanisms, i.e. oxidative changes and hydrolytic degradation, which leads to ML (Highley and Illman 1991; Goodell et al. 1997; Arantes et al. 2012 ). In the initial stage of degradation, enzymes cannot penetrate the micro-pores of the cell wall because of their large hydrodymamic volumes (Cowling and Brown 1969; Flournoy et al. 1991; Kleman-Leyer et al. 1992; Hill 2009 ). It is assumed, that diffusible agents of low molecular weight first penetrate the cell wall and change the matrix polymers leading to major nano-pore size in the cell wall (Flournoy et al. 1991) . In the case of brown rot decay, the Fenton reaction (FR, Fenton 1894 ) is supposed to participate, in the course of which hydrogen peroxide (H 2 O 2 ) and ferrous iron (Fe 2+ ) yield hydroxyl radicals (Highley and Illman 1991; Goodell et al. 1997 ): 
The non-specific hydroxyl radicals exhibit the highest redox-potential of all oxidative agents in biological systems ( Koppenol and Liebman 1984) . The OH radicals (OH · ) degrade the cell wall constituents leading to disruption of the lignocellulose matrix by oxidative cleavage of glycosidic bonds in polysaccharides. This can be observed by increased carbonyl and carboxyl groups content after brown rot decay (Kirk and Highley 1973; Xu and Goodell 2001) . Demethylation of methoxy groups in lignin is another result of this reaction (Jin et al. 1990 ) accompanied by degradation of arylglycerol-ß-aryl ether subunits in lignin (Yelle et al. 2008 (Yelle et al. , 2011 ) and the accumulation of oligomeric lignin degradation products (Xu and Goodell 2001; Yelle et al. 2008 Yelle et al. , 2011 . The reactions caused by the FR enable penetration of hydrolytic enzymes, which render polysaccharide metabolism by the fungi possible (Goodell et al. 1997; Arantes et al. 2012) . To keep up redox cycling, the ferric ions, formed during the FR, must be reduced, which may occur via reaction with wood extractives, free phenolic groups in lignin (Hosseinpourpia and Mai 2016) and demethylated lignin (Xu and Goodell 2001) , or by fungal phenolic chelators (Goodell et al. 1997) .
Iron exist in wood as insoluble Fe-oxide complexes, which must be solubilised and reduced to ferrous iron before being able to participate in the FR (Arantes and Goodell 2014) . It is assumed that ferric ions are solubilised through chelation by oxalic acid at low pH environment in the incipient stage of brown rot decay (Goodell et al. 1997; Arantes et al. 2009 ). Diffusion of Fe-oxalate complexes from the fungal hyphae towards the cell wall and its penetration leads to elevated pH and changes the oxalate/Fe ratio as well as the affinity of oxalate to iron (Goodell et al. 1997) . Fe ions might finally be sequestered to Fe 3+ chelating/reducing agents (Fe-chelator) (Goodell et al. 1997; Arantes et al. 2009 ). This transfer mechanism is supposed to protect fungal hyphae from damage by OH · and directs the production of these radicals to the direct vicinity of the cell wall matrix. As OH · have a short half-life (10 -9 s) (Arantes and Goodell 2014), they cannot cover long distances within the cell and must be produced in situ at the site of action. Penetration of Fe-complexes into the cell wall is thus a prerequisite of wood decay by the FR.
Thermal modification (heat treatment, HT) of wood is an effective way for improving its decay resistance to fungi (Borrega et al. 2009 ). HT modifies the chemical composition of wood which is accompanied by mass loss (ML HT ) (Borrega et al. 2009 ). ML HT is attributed to degradation of hemicelluloses as the most thermally sensitive polymers of the cell wall matrix which leads to lower equilibrium moisture content (EMC) (Bourgois and Guyonnet 1988; Zaman et al. 2000, Esteves and Pereira 2009) . Concerning the EMC, it is known that colonization by decay fungi requires a MC above the fiber saturation point, i.e. free water must be present in the cell lumens. Under these conditions, the cell wall is swollen and the size of nanopores in the cell wall reaches its maximum. In this context, the role of cross-linking reactions in the wall matrix (e.g. between furfural and lignin) is also important (Jämsä and Viitaniemi 2001; Wikberg and Liisa 2004; Jalaludin et al. 2010) . The stiffer wood matrix of HT wood is less accessible to decay fungi due to lower nano-pore sizes and a low EMC (Jalaludin et al. 2010) . Chemical modification such as acetylation, treatment with 1,3-dimethylol-4,5-dihydroxyethyleneurea (DMDHEU), or modification with phenol-formaldehyde (PF) resins (Xie et al. 2015; Mai 2015, 2016) , also enhances the resistance of wood to be decayed by the FR. The present work focuses on the role of the FR in the degradation of HT wood.
Materials and methods
Veneers and chemicals: Micro-veneers (100 mm × 15 mm × 100 μm, L × R × T) were cut from the radial surface of one Scots pine (Pinus sylvestris L.) sapwood block with disposable microtome blades (Reichert-Jung, Nussloch, Germany) as previously described Mai 2015, 2016 Veneer modification (see Figure 1 ): All veneers were extracted with a solvent mixture of cyclohexane, ethanol and acetone (4:1:1 vol%) in a Soxhlet apparatus for 5 h Mai 2015, 2016) . Thirty extracted micro-veneers were oven dried (103°C), and weighted after storage in a desiccator (over silica gel). The dried veneers were placed in a pre-heated oven with 60°C and the temperature was gradually increased (30°C h -1 ) up to 100°C. Subsequently, the micro-veneers were directly exposed to the target temperatures of 120 (controls), 180, 200, 220 and 240°C, respectively, for 120 min (six veneers per temperature). Then, the veneers were cooled to room temperature (r.t.) and leached in demineralised water for 48 h to remove degradation products. Then, the veneers were oven dried at 103°C for 24 h and mass loss due to the HT (ML HT ) was assessed. All veneers were subsequently conditioned at 20°C and 65% RH. Figure 1 ): All veneers were halved: one half was subjected to treatment with Fenton's reagent and the other half stored in 0.1 mol l -1 acetate buffer (pH 4.0) containing Fe salt as untreated control. FT was run in 100 ml dark-brown bottles accommodating 50 ml treating solution (50 mmol l -1 H 2 O 2 and 0.2 mmol l -1 Fe 2 (SO 4 ) 3 ·H 2 O) and 3 halves of veneer (approx. 1.5 mg ml -1 ), as previously described Xie et al. 2015; Mai 2015, 2016) . The veneers were dispersed in acetate buffer containing Fe salt for 2 h, and then H 2 O 2 solution (50 mmol l -1 final concentration) was added to initiate the reaction. The bottle was immediately closed and gently shaken in a dark water bath at r.t. (approx. 25°C) during the treatment time (48 h). To remove excess H 2 O 2 , the veneers were washed three times with distiled water, immersed in a solution of 50 ml distilled water containing 0.5 ml of Basopal 98 (BASF, Ludwigshafen, Germany) for 3 h on a rotary shaker, and washed again three times with distilled water. The veneers were kept in water until tensile testing at water saturation (wet). H 2 O 2 concentration in the remaining buffer solution was determined iodometrically Mai 2015, 2016) . The thickness of the veneers was measured by a dial gauge micrometer (Mitutoyo, Naucalpan, Mexico) to calculate the tensile strength (TS). After this the fragments were oven-dried and weighed to assess the ML due to FT (ML FT ). Two bottles containing 3 veneer halves were used per individual ML HT (n = 6) to determine TS and ML FT . Concentration of H 2 O 2 was assessed in both bottles per ML HT (n = 2).
Fenton treatment (FT) of veneers (see
Iron content: The specimens were stored in the Fe-containing buffer solution without H 2 O 2 after 48 h soaking. Parts of the veneers were pressure digested by adding 2 ml nitric acid (65%) to 100 mg dry wood mass and heating to approx. 180°C (10 h) in a closed vessel. After digestion, the obtained liquid was brought to a volume of 50 ml with deionizeddistilled water. The Fe content was determined with an ICP-AE spectrometer (iCAP 6300 Duo VIEW ICP Spectrometer, Thermo Fischer Scientific GmbH, Dreieich, Germany). The Fe content in the acetate buffer solution after soaking was assessed directly by ICP spectrometry.
Zero-span tensile strength: Tensile strength (TS) measured at zerospan was determined as previously described Klüp-pel and Mai 2012) . The clamping pressure was 0.7 MPa, and the force was gradually increased by 70 kPa s -1
. TS loss (TSL) was calculated by comparing the TS of the veneer halves subjected to the FR to that of the respectively treated veneer half stored in acetate buffer containing Fe salt (control).
FT-IR spectroscopy:
The veneers were conditioned (20°C, 65% RH) before placing into the ATR (attenuated total reflection) unit (DuraSamplIRII, SensIR Technologies, Warrington, UK); instrument: Vektor 22 (Bruker, Bremen, Germany), 64 scans, 4 cm -1 resolution. Background spectra were collected with the empty ATR unit. The baseline was corrected by the "rubber band" method included in the OPUS software (Bruker, Bremen, Germany). All spectra were normalized to absorption of 2 arbitrary units at the highest band at approx. 1030 cm -1 according to Klüppel and Mai (2012) . From each individual veneer (n = 6 per treatment) 1-2 spectra were recorded. About 10 spectra were then averaged by the OPUS software. The specific band assignments were done according to Faix (1991) , Kuo et al. (1988) , Weiland and Guyonnet (2003) .
Results and discussion

Changes of veneer properties due to HT
Mean mass loss (ML HT ) and tensile strength loss (TSL HT ) of the HT veneers increased with increasing temperatures. The lowest individual ML HT obtained at 180°C was 1.5%, and the highest 11.1% at 240°C (Figure 2a,b) . TSL HT decreases linearly with increasing ML HT (R 2 = 0.933). Mean TSL HT of veneers is reduced by 11.3% and 47.7% due to HT at 180 and 240°C, respectively (Figure 2a,b) . The respective mean ML HT values are 2.2% and 9.8%. Zerospan tensile testing yields the TS of individual wood cells, which mainly correlates with the degree of polymerisation (DP) of cellulose in the cell wall (Winandy and Rowell 1984) . HT leads to polysaccharide degradation resulting in increasing ML HT and TSL HT values (Bourgois and Guyonnet 1988; Zaman et al. 2000) . This is explained mainly by hemicelluloses degradation, while the relative amount of crystalline cellulose is increased (Tjeerdsma et al. 1998; Esteves and Pereira 2009 ). In addition, aggregation processes occur which lead to irreversible stiffening of the cell wall matrix; this might also contribute to strength reduction (Suchy et al. 2010a,b) .
Changes of veneer properties due to Fenton treatment (FT)
The mean zero-span tensile strength after 48 h Fenton treatment (TS FT ) of unmodified veneers was reduced by 47.1% compared to control veneers halves in buffer solution (Figure 3a) . The lowest mean ML HT value was 2.2% and that of TSL FT 36.1%. With increasing ML HT the TSL FT decreased almost linearly (R 2 = 0.971). At ML HT above 9.8% (240°C) mean TSL FT was only 5.9% (Figure 3a) (Figure 4a ). This might indicate that combined HT and FT causes stronger damages of polysaccharides (as the main contributors to TS) in the modified veneers than FR alone in the control. Cross-linking reaction and embrittlement, as indicated in the introduction, may also be responsible for TSL . The mean ML due to Fenton treatment (ML FT ) of the unmodified veneers amounted to 19.7% after 48 h exposure (Figure 3b) . The HT veneers with ML HT of 2.2% showed 12.7% ML FT , which is 7% lower than ML FT of the controls. The ML FT linearly decreased with increasing ML HT (R 2 = 0.942, Figure 3b ). The HT veneers with ML HT above 9.8% exhibited about 4.0% ML FT as compared to the control veneer halves treated in buffer containing Fe salt. In contrast to TSL, the total ML induced by HT and FT (ML HT +ML FT ) was less than ML FT of the unmodified veneers (Figure 4b ). This is interpreted in the way that TSL HT might not solely rely on polysaccharides degradation but also on enhanced brittleness, as pointed out above. An assumption could be that the polymers susceptible to OH · were already degraded during HT.
The concentration of H 2 O 2 in the solution with unmodified veneers decreased from 50 mmol l -1 to 21 mmol l -1 in course of the soaking (Figure 3c ), while the decomposition of H 2 O 2 linearly correlates with the ML HT (R 2 = 0.958, Figure 3c ). The higher the ML HT , the lower is the H 2 O 2 decomposition rate. At the highest ML HT of 9.8%, the H 2 O 2 loss was only 3.7 mmol l -1 within 48 h soaking time. This confirms again that the wood substrate contributes to the extent and velocity of H 2 O 2 decomposition (Xie et al. , 2015 Mai 2015, 2016) . Increasing temperatures during HT, i.e. high ML HT values, obviously lead to a lower rate of OH · production in the course of the FR, probably due to the lacking availability of reducing agents for ferric ions. 
Iron content of veneers
The results of Fe content determination are presented in Table 1 . In absence of H 2 O 2 , cell wall degradation only by Fe ions (and thus pore volume increment) does not proceed. The Fe-concentration in the solution with unmodified veneers amounted to 0.107 mmol l -1 which is 53.5% of the initial one. HT diminished the Fe uptake. The Fe content in the buffer solution and its uptake by the veneers decreased with increasing ML HT . Buffer solutions with veneers of 2.2% ML HT contained 68% and those containing veneers with 9.8% ML HT still contained 98.0% of the initial Fe-concentration (0.2 mmol l -1 ). Furthermore, the untreated veneers contained 1.4 mg Fe per g of wood; the veneer with the highest ML HT tested (9.8%) contained only 0.24 mg Fe g -1 wood. Accordingly, untreated wood is able to absorb Fe ions. Positively charged Fe ions could interact with negatively charged carboxyl groups in hemicelluloses (and pectins) or phenolate groups in lignin. Degradation of hemicelluloses during HT reduces the number of Fe-binding carboxyl groups. In addition, the diminished uptake of Fe-acetate complexes can be attributed to the lowered pore volume and less MC in the cell wall (Hill 2009; Xie et al. 2015; Mai 2015, 2016) , which are, on the other hand, attributable to hindered swelling of the cell wall. Less OH · are formed, consequently. If Fe ions cannot penetrate the cell wall due to HT, phenolic OH are not reached, and thus the recovery reaction of ferric ions in the course of the redox cycling is hindered. The higher the ML HT , the minor is the cell wall penetration of Fe as well as the decomposition rate of H 2 O 2 (Figure 3c ) and, thus, the formation of · OH. Comparable results were obtained with veneers modified with a PF resin and acetic anhydride in a higher WPG region Mai 2015, 2016) . Thus the pre-degradation of polymers during HT, plays a minor role for the explanation of TSL FT and ML FT data. 
Fourier-transform infrared (FT-IR) spectra
The ATR-FT-IR spectra (Figure 5b, d ) reveal major changes only at the absorption band at 1740 cm -1 compared to those of veneers stored in buffer solution containing only Fe ions (Figure 5a, c) . This band is assigned to carbonyl stretching vibrations as a result of polymer oxidation leading to aldehydes, ketones, carboxylate groups and quinones. The essential reactions rely on ring opening of polysaccharides and aromatic lignin units, oxidation of aliphatic hydroxyl groups or of phenyl moieties to quinones (Crestini et al. 2010) . Although the FR caused 20% ML FT of the untreated veneers, the ratio of polysaccharides to lignin at 1030 cm -1 and 1505 cm -1 (C-O deformation of alcohols in polysaccharides and aromatic C-H in-plane deformation) appears hardly to be changed. Thus, the polysaccharides and lignin are decayed with a similar rate. The spectrum of modified veneers with 9.8% ML HT (Figure 5e ) indicates that HT decreased the C = O band assigned to acetyl groups of hemicelluloses (1740 cm -1 , I). After FT, the carbonyl band did not increase; thus oxidation by OH · hardly occurred (Figure 5f ). The veneers with 9.8% ML HT showed increased absorption bands at 1505 cm -1 (aromatic skeleton vibration, II) and at 1166 cm -1
(hydroxyphenylpropane units and conjugated C = O in ester groups, III) ( Figure 5e ). These bands are mainly assigned to lignin, which increases relatively due to polysaccharide degradation; formation of additional conjugated ester groups is less likely. This result confirms studies by Kotilainen et al. (2000) and Weiland and Guyonnet (2003) . FT only reduces the band at 1160 cm -1 , particularly in the unmodified veneers (Figure 5a, b) .
The results obtained in this study are based on a simplified model which mimics a biological system in vitro. Other important factors of brown rot decay were not considered in this model approach such as the influence of oxalic acid, the increasing pH gradient from the fungal hyphae to the cell wall, the contribution of low-molecular weight chelators, or the desorption/adsorption of Fe ions onto wood. Still, the current understanding of brown-rot fungal biodegradation mechanisms is that at incipient decay low-molecular weight decay agents must penetrate into the cell wall matrix (Arantes and Goodell 2014) . Our model study indicates that this penetration is restricted after HT.
Conclusions
Heat treatment (HT) of wood at temperatures above 200°C efficiently reduces the degradation by treatment with Fenton's reagent (FT), i.e. the formation of hydroxyl radicals are supressed, as evidenced by the mass loss (ML FT ) and tensile strength loss TSL FT data. One reason for the reduced degradation by the Fenton's reaction (FR) might be the pre-degradation of the cell wall polymers during HT. Another one is the inhibition of the FR. Fe ions dissolved in acetate buffer are hardly able to penetrate into cell walls of HT wood with high ML HT . This inhibits both the production of hydroxyl radicals in the direct vicinity to the cell wall polymers and the reduction of ferric ions. In addition to thermal pre-degradation of wood constituents, the decay resistance of HT wood towards the FR might be explained with the retarded penetrability due to the smaller cell wall nano-pores and the lower moisture contents due to minor swelling ability. High resistance of HT wood to brown rot fungi might thus be attributed to the fact that the FR is inhibited because the complexed Fe ions cannot penetrate the modified cell wall which is a prerequisite of incipient decay.
